Background: There is limited information on the roles of different age groups in propagating pertussis outbreaks, and the temporal changes in those roles since the introduction of acellular pertussis vaccines.
Introduction
After decades of low pertussis activity in the US following the introduction of whole-cell pertussis vaccines in the late 1940s, major outbreaks took place during [2004] [2005] 2010 , 2012 and 2014 [1] . Several factors behind the increase in reported pertussis incidence were proposed, such as the introduction of acellular pertussis vaccines and the reduction in protection compared to the receipt of whole-cell vaccines [2, 3] , waning effectiveness of acellular vaccines [4] [5] [6] [7] [8] , improved testing and reporting [9] , and the possible impact of genetic changes to B. pertussis [10, 9] . A related question in pertussis epidemiology is the relative importance of individuals in different population groups in propagating pertussis outbreaks, and the potential impact of vaccination on the spread of pertussis in the community, including the disease burden in infants [11] . An important aspect of this issue if the fact that, as the time from the introduction of acellular vaccines in different places increases, children of increasingly older ages are covered entirely by the acellular pertussis vaccination series. In light of the evidence of decreased protection associated with receipt of acellular pertussis vaccines alone compared to receipt of some whole cell pertussis vaccination [2, 3] , the role of older children during pertussis outbreaks is generally expected to increase with time. Furthermore, the efficacy of the Tdap vaccine, usually administered around the age of 11 years [12] wanes with time since vaccine administration [6, 8] , and pertussis vaccine effectiveness against infection and transmission to others is potentially lower than the effectiveness against symptomatic disease episodes [13] . All of this suggests that older adolescents may potentially play a prominent role in propagating the more recent, as well as future pertussis epidemics. While the observed upward shift in the age distribution of reported pertussis cases during the more recent major epidemics, e.g. [14] vs. [15] , provides some indication to that effect, a better understanding of the role of different age groups, including older adolescents during pertussis outbreaks is needed.
Previously, we introduced a method for assessing the roles of different population groups during infectious disease outbreaks [16] [17] and applied it to data from the 2012 pertussis epidemics in Minnesota and Wisconsin [18, 19] . That inference method compares age groups in terms of their proportion among reported cases before vs. after the outbreak's peak. Groups that play a more prominent role in perpetuating outbreaks due to either increased contact rates, or increased susceptibility to infection, or both, are overrepresented among cases of infection occurring during the ascent of the outbreak. Such groups experience a disproportionate depletion of the pool of susceptible individuals during the outbreak's early stages and represent a relatively smaller proportion of all cases of infection in the population, as well as of reported cases during the outbreak's later stages. Importantly, this comparison of the relative roles of different age groups does not depend on the differences in case reporting rates (proportion of cases of infection that are reported) in different age groups, as long as age-group-specific case reporting rates don't change during the course of the outbreak [16] .
When applied to data from pertussis epidemics, that inference method suggested the prominent role of adolescents aged 11-14y during the 2012 pertussis outbreaks in Minnesota and Wisconsin [18, 19] .
In this paper, we apply the methodology in [16] [17] [18] [19] to assess the relative roles of different age groups during the 2010 and 2014 pertussis outbreaks in California. Quantification of the relative role for an age group according to the methodology in [16] [17] [18] [19] is related to the impact of vaccination of an individual in that age group on reducing the epidemic's initial growth rate/reproductive number (see [16] , Appendices 6 and 8, as well as [20] ). Additionally, we examine the differences in the role of different age groups during the 2014 vs. the 2010 epidemic. This comparison is partly motivated by the possible rise in the importance of older adolescents during the more recent pertussis outbreaks, and the potential need for vaccinating older adolescents with pertussis vaccines effective against infection and transmission to others [6, 8, 13] with the aim of mitigating future pertussis epidemics in the community.
Methods

Data
We considered pertussis case reporting data between 2010-2015 collected by the California We've used de-identified data on pertussis cases reported to the California Department of Public Health, and no informed consent from those individuals was sought.
We considered six regions in California that comprise the following counties: Note that several counties east of the Sierra Nevada mountain range and in the northern part of the state were not included in the analyses. Additionally, the outbreak in each region may comprise multiple local outbreaks with peaks potentially occurring at different times than the regional peak. To mitigate the potential effect of this phenomenon on our inference method, the statistical analysis only included those regions where the incidence curves of reported pertussis cases had pronounced major peaks ( Figure 1 and 2). Section S1 of the Supporting Information gives further details on the selected regions, the starting and ending weeks for the major waves of the 2010-2011 and the 2014 pertussis epidemics in those regions, and the number of reported pertussis cases during those epidemic waves in the selected regions.
Statistical analysis
We categorized cases into ten age groups (at onset of illness), in years: (<1, 1-2, 3-4, 5-6, 7-8, 9-10, 11-13, 13-15, 14-15, 16-19, 20+) . We used the region-specific outbreak peak times to determine whether reported cases occurred before or after the peak. The region-specific peak week for reported cases (in all age groups) may not correspond to the peak week for the incidence of pertussis infection in the community in that region because only a fraction of cases of pertussis infection are reported to the California Department of Public Health. To diminish the possibility of misclassification of cases as those occurring before or after the epidemic peak, we defined the regional before-the-peak period to be the period up to week − 2 (inclusive), and the after-the-peak period to be period starting week + 2. Cases occurring during weeks − 1 through + 1 were excluded.
For the joint analysis for the included regions during each epidemic, for each age group , cases occurring before the outbreak peak in each region were combined, with their total number denoted by ( ), and the same applies to cases occurring after the peak, with their number denoted by ( ). The estimated relative risk for each age group is the ratio of the proportions of cases in the group among all reported pertussis cases in the population before the peak and after the peak as in eq. 1 (here ℎ in the sum runs over all age groups):
The observed numbers of reported cases ( ) and ( ) in the age group before and after the peak are binomially distributed. Moreover, we assume that the numbers of reported cases are sufficiently high so that the logarithm ln ( ) of the relative risk in the age group is approximately normally distributed ([21] ). Under this approximation, the 95% confidence
is estimated via eq. 1, and the standard error is
Estimation of the relative risks can also be performed in a Bayesian framework under the assumption that the proportion of cases of pertussis infection in each age group reported to the California Department of Public Health is small [22] . Details are given in section S3 of the Supporting Information, with the results being very similar to the results of the inference in the main manuscript.
Results
Figures 1 and 2 plot the weekly numbers of reported pertussis cases in the six California
regions described in the Methods for the 2010-2011 and the 2014 epidemics. We note that the regional incidence curves for the 2014 epidemic had more pronounced peaks compared to the regional incidence curves for the 2010-2011 epidemic. 
Discussion
A good deal of uncertainty exists about the roles of individuals in different age groups in propagating the recent pertussis outbreaks. Moreover, the observed upward shift in the age distribution of reported pertussis cases for the more recent outbreaks, e.g. [14] vs [15] suggests the temporal changes in the role of different age groups during pertussis epidemics.
In this paper we use the previously developed methodology based on the relative risk (RR) statistic [16] [17] [18] [19] to examine the roles of different age groups during the 2010 and the 2014 pertussis outbreaks in California, and compare those roles for the two epidemics. Our results suggest the prominence of adolescents aged 14-15 year during the 2014 pertussis epidemic, followed by adolescents aged 16-19 years and 11-13 years. For the 2010 pertussis epidemic in California, there was no strong differentiation in the role of different age groups based on the years, followed closely by children aged 9-10 years, adolescents aged 14-15 years, [16] [17] [18] [19] years, and children aged 7-8 years. Our earlier findings for the 2012 pertussis epidemics in Minnesota and Wisconsin [18, 19] were consistent with the leading roles of adolescents aged 11-14 years during those outbreaks. The combination of the findings in this paper and the findings in [18, 19] suggests that as time progressed, the prominence of older adolescents during pertussis outbreaks increased. This conclusion may be partly explained by the fact that adolescents of increasingly older age are covered entirely by the acellular pertussis vaccination series as the time from the introduction of acellular pertussis vaccines in different places grows, while the receipt of acellular vaccines alone is less protective against pertussis compared to receipt of some whole cell pertussis vaccination [2, 3] . Correspondingly, older adolescents are expected to play the leading role during major future pertussis epidemics as well.
The findings about the prominence of older adolescents during the more recent pertussis outbreaks lead to questions about the protective effect of pertussis vaccination on individuals in those age groups, as well as the impact of vaccination on mitigating the spread of pertussis epidemics in the whole community. Under the current pertussis vaccination schedule [12] , Tdap vaccine is usually administered around the age of 11 years, and its effectiveness against reportable pertussis disease wanes with time since vaccine administration [6, 8, 23] . Moreover, there is uncertainty about the effectiveness of pertussis vaccines against infection and transmission to others, and that effectiveness may be lower compared to the effectiveness against pertussis disease [13] . Our earlier work has found no evidence of the effectiveness of Tdap against pertussis infection (rather than reportable pertussis disease) in older adolescents, unlike the case of the effectiveness of the 5 th dose of DTaP against pertussis infection in elementary school students [18, 19] . Further work is needed to better understand the effectiveness of acellular pertussis vaccines against infection and transmission to others.
Such work should inform the potential impact and cost-effectiveness of modifications to the current pertussis vaccine schedule, such as vaccination of older adolescents, possibly with more efficacious vaccines against pertussis transmission than Tdap.
Our paper has some limitations. The relation between the RR statistic and the role played by individuals in a given age group during the outbreak is not entirely clear. The role of individuals in different age groups can be compared by comparing the effect of the distribution of a fixed quantity of a highly efficacious pertussis vaccine to members of one age group at a time on the growth rate/reproductive number of the outbreak in the whole community. Our earlier work [16, 18, 20] In summary, our results suggest the shift in the role of different age groups during the 2014 pertussis epidemic in California compared to the 2010 epidemic, including the prominence of adolescents aged 14-15y during the 2014 epidemic. Additionally, older adolescents played a more prominent role during the 2014 pertussis epidemic in California compared to the 2012 pertussis outbreaks in Minnesota and Wisconsin [18, 19] . Those findings are in agreement with the notion that as the time from the introduction of acellular pertussis vaccines in different places grows, older adolescents will be covered entirely by the acellular pertussis vaccination series, which is less protective against pertussis compared to receipt of some whole cell pertussis vaccination, particularly the priming dose [2, 3] . Moreover, under the current pertussis vaccination schedule, the Tdap vaccine is usually administered around the age of 11 years, and its effectiveness wanes with time [6, 8, 23 ]. All of this suggests that older adolescents are expected to play a leading role in major future pertussis outbreaks as well. Pertussis activity in the US has decreased in the last few years, presumably at least partly due to the immunity imparted during high levels of B. pertussis circulation between 2010-2014 [1] . Pertussis activity is expected to increase with time as the population immunity wanes, and there is a need to examine various questions related to pertussis vaccination policies to better manage future outbreaks. One of those questions is the potential impact of vaccinating older adolescents with the aim of mitigating the spread of pertussis in the whole community, including the disease burden in infants. Such vaccination strategies require pertussis vaccines with high effectiveness in preventing pertussis infection and transmission to others, rather than just pertussis disease [13] . There is uncertainty about the effectiveness of the currently used Section S1: Selection of regions and starting and ending weeks for the 2010 and 2014 epidemics Table S1 shows the starting and ending weeks for the major waves of the 2010 and the 2014 pertussis epidemics in 6 different regions in California. Each region comprises a number of counties whose names are listed in Table S1 . The selection of counties that constitute different regions was largely guided by the list of economic regions of California [1] , with some exceptions. In particular, we've grouped the San Diego, Imperial, San Bernardino, and
Riverside counties into one region, excluded several counties east of the Sierra Nevada and in the northern part of the state, and included the Mariposa, Toulumne, Calaveras, and Amador counties into region 3. The starting and ending weeks were selected by inspection of Figures 1 and 2 in the main text to be the weeks when the ascent of the first major wave of the epidemic began, and the descent of that wave ended, correspondingly. Regions that did not have a pronounced epidemic peak (as suggested by visual inspection) were not included in the relative risk (RR) analysis as such regions may comprise further sub-regions with asynchronous epidemics, leading to a misclassification of a large number of cases as being before or after the peak of the epidemic. X X 5 33
6. Santa Barbara, San Luis Obispo, Monterey 3 39 X X Table S1 : Starting and ending weeks for the major waves of the 2010 and the 2014 pertussis epidemics (calendar weeks for the corresponding year) in different regions in California. "X"
indicates that the region wasn't selected for the relative risk analysis.
The 2010 epidemic had 5,422 reported cases in the selected regions between the starting and ending weeks of the epidemic in those regions; the 2014 epidemic had 7,440 reported cases in the selected regions between the starting and ending weeks of the epidemic in those regions.
Section S2: Odds ratios for different pairs of age groups
The relative risk (RR) statistic (eq. 1 in the main text) allows for the simultaneous comparison of all age groups in terms of the relative depletion of susceptible individuals in those age groups before the epidemic peak. For a pairwise comparison of different age groups ! , ! , we consider reported pertussis cases that were either in ! or ! , and evaluate the odds ratio ( ! , ! ) for being in ! vs ! for cases before vs after the epidemic peak. The estimate ! , ! > 1 means that the proportion of cases in ! among all cases in the two age groups had decreased after the peak, suggesting a higher depletion of susceptible individuals in ! compared to ! before the epidemic peak; the estimate ! , ! < 1 suggests a higher depletion of susceptible individuals in ! compared to ! by the time of the epidemic peak. We compute the odds ratio ( ! , ! ) using a logistic regression model, adjusting for whether the case was Hispanic, and whether the case was white. We note that the unadjusted odds ratio for a pair of age groups ! , ! is simply the ratio of the relative risks ( ! ) and ( ! ) in those age groups [2] :
Here ( ! ) and ( ! ) are given by eq. 1 in the main text, and eq. S1 can be established simply by plugging the expressions for ( ! ) and ( ! ) in eq. 1 in the main text into the ratio !!(!" ! )
.
Tables S2 and S3 present the estimates of the odds ratios ( ! , ! ) for different pairs of age groups during the 2010 and the 2014 epidemics in California. Derivation of the confidence bounds for the RR estimates using eq. 2 in the main text relies on a normal approximation that is valid for large sample sizes. Here, we derive estimates/credible intervals for the RR statistic in different age groups in a Bayesian framework.
For each epidemic and each age group , cases occurring before the outbreak peak in each region included in the analysis were combined, with their total number denoted by ( ), and the same applies to cases occurring after the peak, with their number denoted by ( ). The expression for the relative risk for the age group is the ratio of the proportions of cases in the group among all reported cases in the population before the peak and after the peak as in eq. 1 in the main text (here ℎ in the sum runs over all age groups).
The estimates and confidence bounds for relative risks in each group can be obtained in a
Bayesian framework based on the observations (ℎ), (ℎ) following the methodology in [2] .
Briefly, if the number of cases of pertussis infection in each age group is large and casereporting rates (proportion of cases of pertussis infection in a given age group that are reported to the California Department of Public Health) are low [3] , the observed numbers of reported cases in each age group before and after the peak are Poisson distributed (with unknown true Poisson parameters). Posterior samples for the Poisson parameters (with a flat prior) corresponding to the observed counts (ℎ), (ℎ) are generated; for each i=1,..,100000, the corresponding parameters ! (ℎ), ! (ℎ) are plugged into equation (S2) to generate an estimate ! ( ) for the relative risk in the age group . The mean and the credible interval for the sample ! ( ) (i=1,..,100000) are then extracted. 
